IMPORTANCE Low academic achievement (AA) in childhood and adolescence is associated with increased substance use. Empirical evidence, using longitudinal epidemiologic data, may provide support for interventions to improve AA as a means to reduce risk of drug abuse (DA).
P oor academic achievement (AA) in adolescence is associated with an increased risk of drug use and subsequent drug abuse (DA). [1] [2] [3] [4] [5] [6] Students who succeed academically tend to develop positive attachments to school, facilitating their commitment to prosocial lifestyles that reduce risk of DA. 7 Those who lack this bond are more prone to deviant behaviors, including DA.
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The association between AA and DA is of interest given the prevalence and adverse consequences of drug abuse. In the United States, 7.4 million people aged 12 years or older reported symptoms of a drug use disorder in 2016. 9 The National Center on Addiction and Substance Abuse 10 estimated that substance abuse and addiction cost the US government 467 billion dollars in 2005. If poor AA contributes causally to risk of DA, then interventions that improve AA should reduce DA risk. Indeed, a range of individual and school-based interventions for children and adolescents that have shown an impact on AA also resulted in lower drug use. [11] [12] [13] [14] However, nearly all of these studies examined only substance use and followups were typically short, making it difficult to confidently conclude from the current literature whether improving AA will have a long-term influence on risk of DA. Furthermore, although the positive effects from intervention research suggest a causal relationship between AA and DA, this association could arise from several confounders 15 not always accounted for in these studies. For example, familial factors likely increase risk of both poor AA and DA. 16, 17 In addition, reverse causation cannot be ruled out because substance use or abuse during the school years is associated with poor AA.
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To address the nature of the association between AA and long-term risk of DA, we conducted instrumental variable (IV) analyses 22, 23 ( Figure 1 ). Such an analysis requires the identification of an "instrument," that is, a variable that influences the risk factor of interest-here AA-but has no direct influence on the key outcome-here DA. Our instrument, chosen for its empirical association with AA, is month of birth. Many Western countries, including Sweden, have a cutoff date for enrollment in school such that in any class of students nearly all of them come from a single birth year and differ in age by as much as 12 months. Studies in several European countries 12, [24] [25] [26] [27] [28] have shown that within the same year of birth and school class, because of age-related cognitive maturation, older students generally perform better academically than younger ones.
In the present study, we performed an IV analysis in which the independent variable was AA assessed at 16 years of age in a complete population cohort in Sweden with a follow-up period ranging from 15 to 20 years. The dependent variable was DA as assessed from population-wide medical, criminal, and pharmacy registries. By comparing the raw association between AA and DA to that obtained from the IV analysis, we can gain insight into the proportion of the observed association between the 2 variables that may be causal. We also conducted a co-relative analysis 29, 30 of the association between AA and DA, a different approach to assessing possible causal relationships in observational data. The co-relative analyses estimate, within monozygotic twins, the association between differences in AA and differences in risk of DA, thereby controlling for genetic effects and the impact of rearing in the same household and community.
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Methods
Sample
We analyzed information about individuals from Swedish population-based registers with national coverage linked using each person's unique identification number replaced by a serial number to preserve confidentiality and anonymity. All procedures contributing to this work complied with the ethical standards of the relevant national and institutional committees on human experimentation and with the Helsinki Declaration of 1975, as revised in 2008. 32 We secured ethical approval for this study from the Regional Ethical Review Board of Lund University, Malmö, Sweden, which also waived the need for obtaining informed patient consent. The National School Registry contains AA data (ie, grade point average) for all students in grade 9 (usually age 16) from 1988 to 1997. Education is mandatory for all children in Sweden between 7 and 16 years of age. Students are incentivized to perform well because those scoring well are likely to gain admission to desirable secondary schools. We standardized this grade score for each year and sex (mean 0 and SD 1), calling it AA. From 1988 to 1997, scores were expressed on a scale from 1 and 5 (higher numbers indicate higher AA), and students were assessed by a peer-referencing system. 33 Under The key feature of such a variable is that it is associated with an independent variable-here, academic achievement-which in turn contributes to the dependent variable-here, risk of drug abuse. Furthermore, the instrumental variable has no association with the dependent variable except as mediated through the independent variable.
Key Points
Question To what extent is the known association between poor academic achievement and risk of drug abuse influenced by causal processes?
Findings Instrumental variable and co-relative analysis designs, implemented in large population-based Swedish samples with a total of 934 462 participants at a mean follow-up of 19 years, suggested that the association between academic achievement and drug abuse may be causal.
Meaning These results provide empirical support for efforts to improve academic achievement as a means to reduce risk of drug abuse.
this system, grades had minimal inflation over time and were normally distributed. For a definition of DA, see eAppendix in the Supplement. The database included all individuals born in Sweden between 1972 and 1981 who had not died or emigrated prior to 16 years of age and were registered in the National School Register the year they turned 15, 16, or 17 years old. The database also included their first year (if any) of registration for DA. Individuals with DA registered at age 16 years or earlier were excluded from the analyses.
Although the school grade tested for AA was mostly composed of individuals who turned 16 years old between January 1 and December 31, for approximately 3% of individuals, their AA was instead registered the year they turned 15 or 17 years old (eTable 1 in the Supplement). The month of birth for these individuals was not randomly distributed: more individuals born in January were registered with AA the year they turned 15 years old; more individuals born in December were registered with AA the year they turned 17 years old. Furthermore, individuals registered with AA at age 15 years had a mean AA of 0.74 SDs, whereas individuals registered at age 17 years had an AA mean of −0.91 SDs. Because the association between month of birth and AA was central to our further analyses, we modeled this nonrandomness. Using all individuals regardless of age at AA, we fitted a regression model estimating AA based on month of birth and age at registration. In these analyses, we used, for individuals registered the year they turned 15 or 17 years old, their estimated value, and for individuals with AA the year they turned 16 years old, their true value. We also found similar results using analyses that included only individuals whose AA was assessed the year they turned 16 years old (eTable 3 in the Supplement).
Statistical Analysis
First, we used a Cox proportional hazards model to investigate the risk of DA as a function of AA, from year of AA registration until end of follow-up (DA registration, death, emigration, or 2012). The hazard ratio (HR) represented the increased risk of DA per 1 SD decrease in AA. This is the crude association between AA and DA used for comparison. The proportionality assumption was checked in all models, and no meaningful violations were noted.
We then used an IV approach to control for unmeasured confounding using month of birth as an instrument. Below, we empirically evaluate the suitability of month of birth as an instrument. We used a 2-stage regression model adapted to a Cox regression framework. The first step was a linear regression of month of birth on AA. The predicted values were thereafter used in a Cox regression model as an exposure variable (instead of the actual AA value). Because the unobserved and observed confounders should be equally distributed among the estimated values of AA, the resulting HRs for AA should be controlled for unmeasured and measured confounding. To obtain 95% CIs, we used a nonparametric bootstrap with 1000 replications.
Methodological concerns have been raised regarding the use of month of birth as an instrument because of potential systematic differences among children born at different times of the year.
34 Indeed, as is given in eTable 2 in the Supplement, our sample showed a small but significant decrease in DA among parents with children born in March and April (χ 2 11 = 119.9; P < .001), and a significantly increased parental educational level for parents of children born in March, April, May, September, and October (F 11/934 450 = 8.1; P < .001). As these results might violate a key IV assumption (that month of birth has no direct influence on risk of DA), we conducted sensitivity analyses by adding controls for parental DA and educational level in both the first and second stage of the IV analysis to examine their influence on our model results.
In the second analysis, we compared the results from the IV approach with those from a co-relative design, wherein we examined whether the regression results (ie, the crude association between AA and DA) reflected confounding by familial risk factors. From the Swedish Multi-Generation and Twin Registers, 35 we identified all monozygotic (MZ) twin, fullsibling, and cousin pairs. Using stratified Cox proportional hazards models, with a stratum for each relative pair, we refitted the analysis (ie, the risk of DA as a function of AA). The HR was then adjusted for unmeasured genetic and environmental factors shared within the relative pair. The MZ twins share 100% of their genes and their rearing environment, suggesting that the HR for MZ twins is controlled for all possible confounding by genes and shared environment. Full siblings and cousins share, respectively, on average 50% and 12.5% of their genes identical by descent. Finally, we combined all 4 samples (ie, population, twins, siblings, and cousins) into 1 data set in which we performed 2 analyses. The first allowed for all parameters in each sample to be independent (ie, similar to 4 separate analyses). In the second analysis, we modeled the association between AA and DA with 2 parameters: 1 main effect and 1 as a linear function of the genetic resemblance (ie, 0 for the population; 0.125, for the cousins; 0.5 for the siblings; and 1 for the MZ twins). The HR for the second parameter gives an indication of the size of the familial confounding. If the second model fitted the data well, as indexed by the Akaike Information Criterion (AIC), 36 we also obtained an improved estimation of the association among all relatives, but especially for MZ twins, in which the data were sparse. All statistical analyses were performed from October 2017 to January 2018 using SAS, version 9.4 (SAS Institute Inc).
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Results
IV Analysis
Included in our IV analyses were 934 462 participants (478 341 males and 456 121 females) with AA scores at a mean (SD) age of 16.0 (0.3) years and a mean year of birth of 1976 (2.9 years). Their mean (SD) age at follow-up was 34.7 (4.3) (range, 31-40) years. Of these participants, 33 259 (3.6%) were subsequently registered for DA at a mean (SD) age of 26.7 (5.2) years. The mean (SD) AA of those with a subsequent DA registration was −0.83 (1.0) SDs below the population mean. The ability of an IV to provide information about the nature of the association between the independent and dependent variables requires that it should both meaningfully predict the independent variable (here, low AA) and show minimal association with the dependent variable (here, DA) except that mediated through the independent variable (Figure 1) . Aside from an anomaly in January births, there was a clear monotonic association between our adjusted estimate of month of birth and AA (Figure 2 ). Modeled as a linear effect, the regression coefficient was estimated at −0.0225 (95% CI, −0.0231 to −0.0219), meaning that being 1 month younger reduced AA by a mean of 2.25% of an SD.
The raw association between month of birth and DA was modest but statistically significant (HR, 1.016; 95% CI, 1.013-1.019). However, in accord with the assumptions of the IV model, when AA was added to the model, the association between month of birth and DA risk disappeared (HR, 1.000; 95% CI, 0.997-1.004).
In our entire sample, lower AA had a significant association with risk of subsequent DA registration (HR per SD, 2.33; 95% CI, 2.30-2.35). Our IV analysis produced a slightly weaker association (HR, 2.04; 95% CI, 1.75-2.33), consistent with modest confounding. To explore the sensitivity of our estimates to potential biases in our month of birth instrument, we reanalyzed the model controlling for parental educational attainment and DA risk. The estimated association between low AA and risk of DA was still robust although slightly further reduced in magnitude (HR, 1.92; 95% CI, 1.67-2.22).
Co-relative Analysis
The samples sizes of participants in these analyses are given in the Table, which also provides the observed HRs between low AA and risk of DA in the entire sample and then in firstcousin, full-sibling, and monozygotic twin pairs discordant for their level of AA. As expected, the associations were progressively weaker for more closely related pairs of relatives and were quite accurately known for the first 3 groups because of their large sample sizes. However, the association within monozygotic twin pairs was estimated imprecisely because of smaller available samples. On the right side of the Table, we apply our genetic model to these 4 estimates. As measured by AIC, this model fit quite well and substantially increased the accuracy of the HR estimation for the AA-DA association in discordant MZ pairs (HR, 1.79; 95% CI, 1.64-1.92).
Discussion
We sought to clarify the nature of the association between AA in adolescence and risk of subsequent DA by using 2 different methods for inferring possible causality in observational studies. This is important because of the need to find costeffective ways to prevent DA. 13, 38 Our 2 methods, with distinct underlying assumptions, produced convergent evidence that a substantial proportion of the observed association between low AA and subsequent risk of DA may be causal. Both methods estimated that an increase of 1 SD of AA at 16 years of age should decrease long-term risk of DA approximately 45%. These results support the provision of services to students to improve their AA as a method of preventing DA. Several sociological theories may explain our findings. According to both social control theory 7 and the social development model, 39 students who succeed academically will tend to develop strong positive attachments to school, thereby facilitating their commitment to prosocial lifestyles, which in turn reduces risk of DA. By contrast, those who lack this bond are more prone to a range of deviant behaviors, including DA. Schools are an optimal setting for delivering such programs given their natural focus on AA and their ability to reach most adolescents. Many school-based programs have been A linear model estimated that being 1 month younger reduced academic achievement in this sample by a mean of 2.25% of a standard deviation (SD). These results included a statistical correction for the 3% of the sample assessed at 15 or 17 years of age and for the slight but statistically significant variation in parental educational level and risk of drug abuse as a function of offspring month of birth. The y-axis depicts SD units. Although the Good Behavior Game has been widely delivered, many evidence-based interventions have not been disseminated, 46 and these services must be expanded to produce significant increases in AA and then reductions in DA.
Most of these programs are designed for elementary and middle schools, and our results suggest that interventions should be developed and tested for high school students. While causal effects cannot be determined with confidence from observational data alone, some of these concerns can be alleviated by the use of multiple inferential methods 47 or "triangulation."
48 As suggested by philosophers of science, we should have more confidence in results that are robust to variations in analytic procedures, 49,50 especially when the methods, as they are here, are quite different, both in implementation and theoretical assumptions. As used here, the IV method relied on the natural experiment of age differences within individual school classes, whereas the co-relative design controlled for familial confounders, especially the expected sharing of all genetic risk factors and rearing environment in MZ twin pairs.
Limitations
These results should be interpreted in the context of 6 potentially significant methodological limitations. First, our assessment of DA was limited to data available from Swedish registries. While such administrative data has important advantages (eg, no refusals or reporting biases), it cannot replicate results of interview-based assessments. Our cases are in general probably more severe than those meeting the DSM-V criteria for substance use disorder 51 at interview, although the lifetime prevalence of drug abuse or dependence in nearby Norway is only slightly higher than the estimates obtained in Sweden. 52 Second, our measure of AA does not perfectly reflect the way this construct is typically defined in the education literature, which includes students' attitudes about their teachers, their commitment to school, their educational aspirations, and their level of truancy. 4,53,54 Third, we could not assess potential mediators of the association between AA and DA, such as the tendency for low-achieving students to associate with deviant peers. 2, 8, 21 Fourth, our instrument, month of birth, was not without limitations. A portion (3%) of the sample population was not tested at age 16. We statistically corrected for this anomaly and also presented the results when those cases were excluded, obtaining similar results. Furthermore, month of birth was weakly associated with parental educational level and risk of DA. The results did not appreciably differ when we included these variables as covariates. Although imperfect, our IV analyses with month of birth are unlikely to be substantially biased.
Fifth, our co-relative design does not control for environmental confounders specific to individuals that could influence both AA and risk of AD. Finally, while IV analyses should protect against the impact of reverse causation (ie, prior drug use predicting both poor AA and DA risk), 55, 56 we evaluated this bias by reanalyzing our data including varying buffer periods in which we censored DA registrations soon after the assessment of AA because early drug use should be associated with early DA registration. Buffer periods of up to 8 years produced no meaningful changes in the causal AA-DA associations from our IV or co-relative analyses (eTable 4 in the Supplement).
Conclusions
Two statistical methods, IV and co-relative analyses, based on divergent assumptions both suggested that the association between AA at age 16 years and subsequent risk of DA for a follow-up period of 15 to 20 years may be causal. Consistent with intervention studies, 11-14,41 most of which had much shorter follow-ups and softer outcomes (eg, substance use), these results suggest that programs that improve AA in adolescence should result in meaningful reductions in long-term DA risk. 
